Abstract. This study presents
Introduction
The interaction between the atmospheric air¯ow and a mountain was ®rst a problem of roughness on the atmospheric circulation (Lilly, 1972) . The 1970 Colorado Lee Wave Program targeted the Rocky Mountains (Lilly and Kennedy, 1973) , and the ALPEX program spread observational nets around and over the Alps (KuÈ ettner, 1986) . However, experimental studies aimed at evaluating the global eect of a mountain chain are limited, due to the diculty of taking into account every scale in the air¯ow. However, some mechanisms have been studied, in particular the transport of momentum in lee waves: see for instance: Lilly et al. (1982) (Rocky Mountains), Brown (1983) (British Isles) , Hoinka (1984 Hoinka ( , 1985 (Pyrenees and Alps) and Kim and Mahrt (1992) . In addition, many theoretical and modelling works have been performed (see the review by Smith, 1979 , Durran and Klemp, 1982 , 1983 Durran, 1986; Xue and Thorpe, 1991) . Recent numerical models have been successfully used to describe the mesoscale eects induced by a mountain chain. In particular, the non-hydrostatic model of Clark (1977) used by Hoinka and Clark (1991) or Clark and Miller (1991) satisfactorily described the fundamental dynamics of mountain waves above the Alps.
Knowledge of the perturbation associated with relief requires a gathering of reference data set at dierent scales, ®rst to improve the parametrizations in models and secondly to study the orographic mechanisms such as mountain wave or rotors on the lee side of the mountain. These goals were the motivation for the PYREX experimental program (Bougeault et al., 1990 (Bougeault et al., , 1993 . The PYREX experiment took place in the region of the Pyrenees during 10 intensive observation periods (IOP) in October and November 1990. Bougeault (1994) set the problem of the validation of a 2D approach of orographic air¯ows, whereas Elkhal® et al. (1995) have shown 2D numerical simulations of PYREX mountain wave cases. We present the aircraft data assuming the 2D approach and we consider the stationarity of the air¯ow during the¯ight period varying (between 3 and 6 h). The aircraft data describe the air¯ow in a central vertical crosssection, perpendicular to the Pyrenees chain. In this work, we study four cases of mountain wave during PYREX: a southerly air¯ow (15 October 1990: IOP-3) and three successive cases of northerly air¯ows above the Pyrenees (14, 15 and 16 November 1990, IOP-9) . These various days are considered as the best mountain wave cases investigated by aircraft during PYREX. We present a summary of the experimental set and the instrumentation of the research aircraft whose data are used here (Sect. 2 and 3). The wave cases are characterized by the meteorological situation (Sect. 4) and the driving parameters such as the Brunt VaÈ isaÈ laÈ frequency and the Froude number calculated from data of upstream radiosonde soundings (Sect. 5). In Sect. 6, the 15 October case is studied with 2D ®elds that allow ®rst to present (for a scale greater than 10 km) ®rst-order variables such as wind, potential temperature and speci®c humidity, and secondly more elaborate variables such as horizontal advection terms. The turbulent¯uxes (sensible heat¯ux and momentum) are computed above the mountain on 15 October, by eddy-correlation and inertial-dissipation methods. Thirdly, we present in Sect. 7 the analysis of aircraft data for the three successive northerly¯ow cases above the Pyrenees.
Experimental set
The Pyrenees chain, nearly 400 km in length and roughly WE oriented, is a major barrier for northerly and southerly air¯ows. The chain stretches from the Atlantic Ocean to the Mediterranean Sea with a width varying from 50 to 80 km and an average height of 2300 m. The highest point at 3404 m is the Aneto peak located in the central area. A summary of the experimental data sources is presented in Fig. 1 . An important network of radiosonde soundings around the mountain chain allowed evaluation of the air¯ow modi®cation due to the relief, and speci®cation of the input and validation data for numerical models. Three ST radars gave continuous measurement of the wind pro®le on both sides of the mountain chain. Numerous ground stations and some sodars had been set out around the chain and along a cross section perpendicular to the Pyrenees. The sodars and the ground stations studied the dynamics of the local boundary layers (e.g., valley winds) and constant volume balloons were launched to study gravity waves and de¯ected¯ows around the Pyrenees. To complement these, four aircraft were used during the PYREX experiment: a Falcon 20 of Deutsche Forschungsanstalt fuÈ r Luft-und Raumfahrt (DLR), a Fokker 27, instrumented by the Institut National des Sciences de l'Univers (INSU), a Fairchild Merlin IV and a Piper-Aztec, instrumented by MeÂ teÂ o-France.
Aircraft
Among the four research aircraft measurements, only those of the Falcon and Fokker are used here to describe the mountain wave events. Both aircraft have the same capabilities for measuring atmospheric turbulence. They measure turbulent and mean parameters such as temperature, water vapor content, horizontal components of the wind and the¯uctuations of the vertical velocity of the air. The Falcon and the Fokker are each equipped with a nose boom (1.8 m and 6 m long respectively) tipped with fast-response sensors. They consist of a Rosemount 858 probe, which measures static and dynamic pressures, and the attack and sideslip angles. On the Fokker 27, an inertial navigation system (INS) (Sagem ULIS 45i), installed close to the gravity center of the aircraft, measures the aircraft's horizontal geographical position, the ground velocity vector and the attitude angles of the aircraft (pitch, roll and true heading). The airspeed of the Fokker is about 80 m s À1 and the data are recorded at the rate of 16 s À1 . Thus, the spatial resolution of turbulence data is about 5 m. The wind vector is calculated with a classical algorithm, from measurements of dynamic pressure, attack and sideslip angles, and ground velocity vector provided by the INS (see for instance Lenschow, 1986 ). The Falcon 20 has an inertial reference system (IRS) (Honeywell Lasernav YG 1779) which is located about 5.8 m behind the tip of the nose boom. The equipment of the Falcon 20 is described in detail by BoÈ gel and Baumann (1991) . The airspeed of the Falcon reaches 200 m s À1 and the sampling rate is 100 s À1 , which gives a spatial resolution of 2 m. The 10 straight and level runs performed by the two aircraft during a mountain wave event, are described in Fig. 2 . During a wave event, the Fokker performed 4 straight and level runs at altitudes between 4 and 6 km whereas the Falcon performed 6 in the same time at altitudes between 8 and 12 km, following a ground track between Auch (43.8 N, 0 E; France) and Huesca (43.6 N, 0.6 E; Spain). The mean duration of a run for the Fokker and the Falcon is about 40 min and 20 min, respectively. All the¯ight periods began at 06:00 UT except for 15 November (at 12:00 UT). 4 The meteorological situation 4.1 Synoptic ®elds at 850 hPa Figure 3a shows the 850 hPa synoptic map on 15 October 1990 at 00:00 UT. The large low-pressure zone located over the Atlantic Ocean has a minimum extending from the north of Ireland to the NW of Spain and a high pressure zone was located near the Black sea. The low-pressure zone induced a strong S to SW wind over Spain and southern France, almost perpendicular to the Pyrenees chain. A cold front connected with the pressure minimum reached the French coast at about 12:00 UT. Near the Pyrenees, the isohypses at 850 hPa were nearly perpendicular to the mountain chain from 00:00 UT to 12:00 UT, which includes the measurement period. The pressure gradient along the axis of the Pyrenees was about 4 hPa/100 km. Figure 3b , c, d shows the evolution of the synoptic meteorological situation from 14 November to 16 November at 00:00 UT. The westerly synoptic¯ow over France was driven by a low-pressure zone, located over the north of the Atlantic Ocean and Europe, and the Azores anticyclone located to the west of Spain. On 14 November, the low-pressure zone, extending over the Mediterranean Sea south of Italy, generated over the western Mediterranean Sea a northerly¯ow which became more intense on 15 November and even 16. Above the Pyrenees, the synoptic¯ow was westerly on 14 November at 00:00 UT and was driven by the two low-pressure zones located to the north and over the Mediterranean Sea. On 15 November at 00:00 UT, the low-pressure zone over the Mediterranean Sea was more active and was located more to the north than on 14 November. This low-pressure zone drove a northerly synoptic¯ow above the Pyrenees and over the western Mediterranean Sea. On 16 November at 00:00 UT, the synoptic¯ow above the Pyrenees generated a strong northerly wind varying from 10 to 20 m s À1 . The synoptic¯ow evolved during the three days from W-NW, nearly parallel to the axis of the Pyrenees chain, to north, i.e., perpendicular to the chain.
The wind and temperature ®eld at 600 hPa and 200 hPa
The Peridot model analysis of MeÂ teÂ o-France (Bougeault and Mercusot, 1992) gathers all the avalaible large-scale data and the speci®c data of each PYREX situation. The horizontal size of the mesh grid is 35 km Â 35 km. 600 hPa and 200 hPa, corresponding to the lowest and highest level¯own by the aircraft, are representative of the mean troposphere and of the troposphere-stratosphere transition, respectively. We present in Fig. 4 the temperature (colors) and the horizontal wind (arrows) for 15 October. That day was characterized by an air¯ow from the SW. At 600 hPa, the air¯ow was perturbed in the vicinity of the Pyrenees chain, and slowed down on the lee side of the mountain. The southerly warm air spread out over France whereas the Atlantic Ocean was colder. At 200 hPa, the wind was westerly and the warm zones were situated over the Atlantic Ocean. The meteorological situations of 14, 15 and 16 November, correspond to the northerly wave events are also presented in Figs. 5 and 6. At 600 hPa (Fig. 5) , the wind velocity was nearly constant and the direction turned from NW on 14 November to due N on 16 November with an important perturbation above the Pyrenees. At 200 hPa (Fig. 6) , the warmer zone, located to the north of the domain on 14 November extended 
Upstream characteristics
The upstream conditions are characterized by the radiosonde soundings at Zaragoza on 15 October at 06:00 UT, and at Toulouse on 14 November at 12:00 UT, 15 November at 06:00 UT and 16 November at 06:00 UT (Figs. 7 to 10). The pro®le at Zaragoza was moister than those at Toulouse. It showed a saturated zone between 800 hPa and 500 hPa corresponding to an upstream cloudy zone which grew during the period of aircraft¯ights. Under 600 hPa, the wind speed reached 17 m s À1 and the direction was 227 at about 700 hPa. The radiosonde soundings at Toulouse were not saturated except on 14 November which presents a saturated zone between the ground and 700 hPa. At about 700 hPa, the wind direction measured at Toulouse turned from 328 to 360 respectively on 14 November and 16 November (for more details, see Table 1 ). The radiosonde soundings determine the reference upstream conditions and permit calculation of the characteristic data for the air¯ow. The mountain wave mechanism depends on the upstream lapse rate and wind pro®le. These two parameters can be combined to compute the Brunt VaÈ isaÈ laÈ frequency and the Froude number. The Brunt VaÈ isaÈ laÈ frequency evaluates the oscillation frequency of the air parcel and the Froude number represents the ratio of the inertial to the buoyancy force. The Brunt VaÈ isaÈ laÈ frequency is de®ned as:
where g is gravity and and h the temperature and the potential temperature of the air, respectively. The corresponding wavelength is:
where is the horizontal wind speed. We also de®ne the Froude number as:
where h is the average height of the mountain. Table 1 presents the principal parameters calculated from the upstream data of the four wave events. We remark that the pr on 15 October is greater than on the other days. Thus, the mountain wave amplitude of the southerlȳ ow case should be more important than that of the northerly ones. Moreover k predicts lee waves with a wavelength of about 10 km, not studied in the present work. The lee waves on 15 October have already been studied by BeÂ nech et al. (1994) and Tannhauser and AttieÂ (1995) .
The southerly¯ow example above the Pyrenees
The 2D ®elds studied in the following sections represent a plane 200 km long (abscissa) and 8 km high (between 4 and 12 km in altitude). On the horizontal axis, the top of the Pyrenees chain is located in the middle of the axis, i.e at the abscissa of 100 km. The left border of the diagram represents S and the right border N. The method of interpolation for aircraft data is presented in Appendix A.
The dynamical and thermodynamical variables
The horizontal wind component perpendicular to the Pyrenees chain (Fig. 11a) presents, between at 6 and 8 km altitude, a zone of weak horizontal gradient, which separates two distinct zones: the ®rst, at lower altitudes, shows an acceleration of the wind when the¯ow crosses the mountain (the wind strength varies from 14 m s À1 to 22 m s À1 ), followed by a weak deceleration downstream where the wind strength falls to 18 m s À1 . The second lies between 10 and 12 km altitude, where a minimum , associated with the potential temperature oscillation described later, corresponds to an important deceleration of the airmass. The mean vertical velocity of the air was calculated by three dierent methods (see Appendix B). The vertical velocity is obtained from the steady-state equation for the conservation of temperature. The vertical velocity (Fig. 11b) shows extrema which propagate vertically and slightly backwards. The downward velocities reach À0X4 m s À1 just above the mountain at lower altitudes. This, downward movement was con®rmed by constant volume balloon trajectories (Hammam, 1991) and is associated with the principal perturbation seen on the temperature ®eld. Downstream, we also observe a second oscillation at higher altitudes, corresponding to that observed on the potential temperature ®eld, with a velocity varying from À1X2 m s À1 to 1X8 m s À1 . The potential temperature ®eld (Fig. 11c) shows a stable strati®cation with a mean vertical gradient of 0.4 C/100 m at altitudes between 4 and 12 km. This ®eld is characterized by a large wave just above the mountain extending between 80 km and 120 km on the horizontal axis. This perturbation due to the relief, hereafter called``principal perturbation'', propagates slightly backwards with the altitude. It corresponds to an increase in temperature of about 2 C. Above the 8 km altitude, the principal perturbation is followed by a large oscillation with a horizontal dimension of about (Fig. 11d) shows a vertical gradient of about À1 g kg À1 km À1 , located on the principal perturbation, at an altitude between 4 and 7 km. As for the potential temperature, there is a speci®c humidity perturbation on the lee side of the mountain. This perturbation corresponds to a drying eect of 0.8 g kg À1 which remains downstream in the analyzed domain. In this region, we observe an oscillation associated with that observed on the potential temperature and wind velocity. The dierence in speci®c humidity between the downwind and upwind edges of the domain is between 0 and À0X5 g kg À1 , showing a global drying of the airmass. The combination of the dynamical and thermodynamical eects clearly shows a deceleration at upper altitudes and a feed-in of warm air, probably coming from the stratosphere, associated with a global drying of the airmass at lower altitudes.
Horizontal advection terms
To quantify the dierent thermodynamical and dynamical eects encountered above the Pyrenees chain, we compute the horizontal advection terms of the budget equation for the wind (uduadx), the temperature (udhadx) and the speci®c humidity (udqadx), where x is the horizontal coordinate parallel to the cross section and the overbar designates the horizontal average over a 10 km box. As mentioned the phenomena are presumed to be steady and two-dimensional and therefore only dependent on the altitude z and the horizontal coordinate x. We thus have the following simpli®ed equation for the horizontal wind:
where f is the Coriolis parameter, p the pressure and q the density of the air; u and v represent the horizontal components of the wind perpendicular and parallel to the mountain chain respectively; w is the vertical velocity of the air. The horizontal advection term uduadx (Fig. 12a) is similar to the Lagrangian acceleration of the air parcel. At lower altitudes, this term is positive with a maximum value of about 3Â10 À3 m s À2 and corresponds to the acceleration of the air¯ow near the relief. Downstream, it becomes negative in a vertical domain at an altitude between 10 km and 12 km with a minimum of À1 Â 10 À2 m s À2 . This area follows the vertical wave observed on the potential temperature ®eld. The horizontal advection term allows us to show better the wave mechanism above the mountain and to quantify the acceleration of the air¯ow. The maximum values of transverse wind, between À10 m s À1 and 10 m s À1 give corresponding values of the Coriolis term ( f v) between À10 À3 and 10 À3 m s À2 . The Coriolis term can be compared to the horizontal advection term. In the perturbed zone near the relief, the local values of horizontal advection term reach À10 À2 m s À2 and are 10 times the Coriolis term. However, the Coriolis term has to be compared to the global acceleration computed at the scale of the domain. This acceleration is de®ned as C 2 À 1 aDx, where is the average wind at a given altitude, 1 and 2 are the upstream and the downstream wind respectively at the same altitude. The values obtained on the C pro®le vary between À3 Â 10 À3 and 3 Â 10 À3 m s À2 and are of the same order of magnitude as the Coriolis term. This result shows that the Coriolis term is not negligible compared to the global acceleration of the orographic air¯ow.
None of the large-scale parameters can be compared to the horizontal advection term of temperature and moisture. The latter terms express a heating rate (in C h À1 ) and a moistening rate (in g kg À1 h À1 ) respectively. The horizontal advection of temperature (Fig. 12b) presents a wave structure above the Pyrenees within the region extending from the top of the mountains, to the upper boundary of the domain. At the highest altitudes, between 10 and 12 km on the lee side of the mountains, the oscillation corresponds to that observed on the potential temperature and wind ®elds. Just above the Pyrenees, the values of the horizontal advection of temperature are larger (about 10 C h À1 ), which correspond to a heating of the air parcel. The horizontal advection of moisture (Fig. 12c) is only discussed in the lower part of the domain at altitudes between 4 and 7 km and also presents a wave structure with a minimum of À2X5 g kg À1 h À1 just above the Pyrenees chain (abscissa 100 km), corresponding to a drying of the air¯ow. We can compare these two terms of advection to a heating rate or a moistening rate for a typical homogeneous convective boundary layer, 1000 m thick, with surface latent and sensible heat uxes of 200 W m À2 each. Assuming there is no entrainment (i.e., the¯uxes vanish at the top of the boundary layer), we obtain a heating rate of +0.7 C h À1 and a moistening rate of 0X3 g kg À1 h À1 . This example shows that the PYREX values of horizontal advection of temperature and moisture observed in the mountain wave area are one order of magnitude greater than those encountered in a convective boundary layer. Table 2 presents typical values of turbulent parameters measured in stably strati®ed and convective boundary layers. We present the standard deviation of the vertical velocity (r w ), the sensible heat¯ux (r qg p w H h H ), the dissipation rate of TKE () and the inertial length-scale de®ned as l r 3 w a. These parameters will be compared with those obtained above the Pyrenees chain. There are a few papers which describe high altitude turbulence data associated with an orographic air¯ow. For example, Lilly and Zipser (1972) have presented an altitude turbulence linked to a large oscillation above the Rocky Mountains.
Turbulent terms
In this section, we ®rst present the ®elds of turbulent momentum¯ux (qu H w H ) and sensible heat¯ux computed by the eddy-correlation and the inertial-dissipation methods. The eddy-correlation method has been applied to 20 km long samples, high-pass ®ltered with a cut-o wavelength of 1500 m. The inertial-dissipation method is explained in Appendix C. On the graphs, the¯ux ®elds are superimposed on mean variable ®elds (potential temperature for r and wind for momentum). At lower altitudes (about 4 km), some boundary eects appear on ®elds obtained by the inertial-dissipation method, due to the computation of the wind and temperature gradient. However, the¯ux ®elds, calculated using both methods, present a similar shape with the same orders of magnitude showing a heterogeneous and sporadic turbulence. The ®eld of momentum¯ux (Fig. 13) shows negative values in the lower part of the ®eld, showing that the deceleration of the air¯ow is associated with a downward momentum transfer of less than À0X16 N m À2 . The positive maximum is located at 70 km downstream of the top of the mountain (abscissa 170 km) at an altitude of 11 km in a wind negative gradient linked to the altitude oscillation. The end of the altitude oscillation is thus associated with an upward momentum¯ux of about 0.1 N m À2 . The ®eld of sensible heat¯ux (Fig. 14) presents a negative maximum (less than À12 W m À2 ) at the end of the altitude oscillation showing a downward heat transfer. Moreover, at lower altitudes (about 4 km), the ®eld shows a Table 2 . Characteristic values of various turbulence parameters measured in stably strati®ed boundary layer, convective boundary layer and during PYREX: standard deviation of vertical velocity (r w ), sensible heat¯ux (r), dissipation rate of TKE () and inertial length-scale (l ) downward transfer (value of À12 W m À2 ) at about 40 km downstream of the top of the mountain (abscissa 140 km). The values of r observed at higher altitudes above the Pyrenees have the same order of magnitude as those typically observed in a stably strati®ed boundary layer or close to the mountain. However, they are 10 times weaker than those observed in a convective boundary layer within the lower layers (see Table 2 ). The vertical gradient of¯ux can to be compared to those of the horizontal advection terms in the budget equation (Eq. 4). Moreover, the vertical gradient of w H h H is not important and remains negligible in comparison with the horizontal advection terms. This validates the assumption on the computation of the mean vertical velocity. The ®elds of TKE and (Fig. 15 ) have a similar shape, which shows that the area of TKE production coincides with the area of TKE dissipation. The maximum of TKE (1.2 m 2 s À2 ) and (5Â10 À4 m 2 s À3 ) is located in the large oscillation region at high altitude. A second maximum of (10 À4 m 2 s À3 ) is also reached at a 4 km altitude in the deceleration zone of the air¯ow. We also compare the vertical component of TKE (r w ), the dissipation rate of TKE and the inertial length-scale l with reference parameters obtained in the boundary layer ( Table 2) . The values of observed above the mountain are weaker than those observed in the boundary layer (between 10 À3 and 10 À2 m 2 s À3 ). The maximum of r w (about 0.5 m s À1 ) is weaker than that encountered close to the mountain (1.1 m s À1 ) but is nearly twice as big as those observed in stably strati®ed Fig. 8, 15 October example layers, which shows that the dynamical eect is important at high altitude. The combination of r w and allows us to calculate the inertial length-scale l which allows comparison of the cases together. In the stronger turbulence regions, we observe values between 250 (upper altitudes) and 1250 m (lower altitudes) comparable to those observed in the convective boundary layer.
The three successive northerly¯ow cases
The temporal evolution of the northerly¯ow above the Pyrenees is described in Figs. 16 and 17 by thermodynamical and dynamical ®elds (black isolines) superimposed on their corresponding horizontal advection terms (colors). On the ®gures corresponding to the northerly¯ow cases, the¯ow is from the left. The color table used to describe the horizontal advection is the same for the three days. The white (positive values) and black (negative values) areas correspond to values greater or smaller than the extremum of the color table respectively. Table 3 shows extreme values attained by the various advections.
The dynamical structure of the three days is analyzed from the horizontal wind ®elds, the horizontal advection of wind and the vertical velocity of the air (Fig. 16) . The vertical velocity was computed from the steady-state equation for the conservation of temperature. From 14 November to 16 November, the wind strength varies from 22 to 29 m s À1 at 6 km altitude, without a horizontal gradient whereas at upper altitudes the horizontal gradient becomes stronger. We also note that the 15 November case presents upstream wind strengths stronger than that for the others days, in agreement with the wind deduced from upwind radiosonde soundings. From 14 to 16 November, we observe, just above the top of the mountain at the abscissa of 100 km at an altitude of about 10 km, negative values reaching to À1 Â 10 À2 m s À2 of horizontal advection of wind related to the deceleration of the air¯ow. At lower altitudes (about 4 km), we also observe, just above the top of the mountain, a small zone of positive values of horizontal advection ranging on 14 to 16 November from 0.5 Â 10 À2 to 0.8 Â 10 À2 m s À2 , that translates as the dynamical impact directly from the mountain. The dynamical eect due to the Pyrenees presents a similar behavior via the horizontal advection of wind. As a matter of fact the ®elds of horizontal advection of wind of the northerly¯ow cases are similar and have the same shape and same order of values. Moreover, these latter ®elds have also the same behavior as the southerly¯ow example.
The downward vertical velocities are located just above the top of the mountain at the absissae of 100 km lower altitude (4 km) with values of about À1 m s À1 . At upper altitudes, on the lee side of the mountain at the absissae of 150 km and for altitudes between 10 km and 12 km, the vertical velocity presents positive values from 0.3 to 0.9 m s À1 , from 14 to 16 November, respectively. The temporal evolution of vertical velocity ®elds shows the formation of a well-marked oscillation on the lee side of the mountain at upper altitudes (16 November) which looks like that observed on 15 October.
The thermodynamical structure is presented via the potential temperature, the speci®c humidity and their corresponding horizontal advection terms (Fig. 17) . The vertical wave just above the top of the mountain is well marked on the potential temperature ®eld with a horizontal gradient of potential temperature increasing from 14 to 16 November between 4 and 6 km of altitude. The rise in temperature, increasing from 14 to 16 November, may be quanti®ed by the horizontal advection term of temperature. The maximum values À1 on 14 November to 20 C h À1 on 16 November, mainly at lower altitudes (between 4 and 7 km at the 100 km abscissa) showing a heating directly linked to the impact of the air¯ow on the mountain. Unlike the southerly¯ow, the northerly¯ow examples do not present any signi®cant altitude oscillation on the temperature ®eld. On the other hand, the study of the speci®c humidity and moisture advection demonstrates a drying on the lee side of the mountain, con®rming the results of 15 October. The drying eect increases downstream, from 14 November to 16 November, from
The last value is comparable to that obtained on 15 October. As shown in Table 1 , the Froude number is weak and presents similar values for the three northerly¯ow cases. From 14 to 16 November, the increase in the intensity of the mountain wave is probably due to the variation of the leading angle of the upstream airmass: the intensity of the mountain wave (via the thermodynamical ®elds) is stronger when the upstream airmass is nearly perpendicular to the mountain chain. For the southerly¯ow case, the Froude number was 0.9 (close to 1) and the upstream airmass was quasi-perpendicular to the Pyrenees chain. This probably explains the stronger intensity of the mountain wave of the southerly¯ow case which attains upper altitudes. In return, the dynamical eect due to the Pyrenees looks like similar in the four mountain wave cases.
Conclusions
This work is an experimental study of an orographic air¯ow above the Pyrenees chain. It analyses a southerlȳ ow case (15 October 1990) and three successive northerly¯ow cases (14, 15 and 16 November 1990) above the Pyrenees during the PYREX experiment. The data are principally from two research aircraft (a Falcon 20 and a Fokker 27). The¯ight domain above the Pyrenees chain allowed a careful description of two dimensional ®elds. These data have been analyzed at two spatial scales: the mesoscale (!10 km) and the turbulence scale ( 1.5 km; only for 15 October). Three methods of evaluation of the vertical velocity of the air are presented in Appendix B, where the vertical velocity, computed from velocities measurements, is shown to be fairly comparable to that computed from the steadystate equation for the conservation of temperature. The heterogeneous and sporadic turbulence encountered above the mountain was analyzed via turbulent¯ux by two methods: the eddy-correlation and inertial-dissipation methods. These two methods showed similar results proving a remarkable reliability of aircraft measurements in such experimental conditions. The aircraft measurements have clearly shown the mesoscale and turbulence phenomena induced by the Pyrenees. Numerical models have already been tested on dierent mountain wave cases and signi®cant hydrostatic and non-hydrostatic simulations have been made by various authors. Tannhauser and AttieÂ (1995) have found good agreement between the amplitudes of the wind components and the corresponding phases measured in trapped lee waves by the aircraft the 15 October and the results of a linear model. Moreover, Satomura and Bougeault (1994) have fairly well simulated the characteristics of lee-waves with a two-dimensional, non-hydrostatic model initiated by upstream radiosonde soundings for the cases of 15 October, 14, 15 and 16 November. For these cases, Elkhal® et al. (1995) have shown results from a hydrostatic model which agree well with the aircraft observations and have also obtained a good agreement between the simulated and observed pro®les of momentum¯ux.
For the southerly¯ow case, the analysis clearly shows a downward warm¯ow, a drying and a global deceleration of the airmass. An important altitude oscillation has been observed on the potential temperature and wind ®elds, showing strong values of horizontal advection of temperature. We also have shown that this perturbation was linked to an altitude turbulence eect. This eect has been quanti®ed via the turbulent¯ux (the sensible heat¯ux r and the momentum¯ux), the TKE, the dissipation rate and the inertial length-scale. The results have shown a strong mechanical turbulence of intensity comparable to that observed in a convective boundary layer, and a weaker thermal turbulence, comparable to that observed in a stably strati®ed boundary layer. The analysis of the three successive northerly¯ows above the Pyrenees has shown the formation of an intense mountain wave on 16 November. The study of the mesoscale terms has shown a thermodynamical eect which was restricted just above the mountain chain. The values of horizontal advection terms were relatively strong in particular for 16 November. However, the dynamical eect, at upper altitudes, looks like that observed during the southerly¯ow case. The intensity of the mountain wave was probably related to the leading angle and the Froude number of the upstream air¯ow. For the northerly¯ow cases, for which the Froude number was almost constant, the study has shown that the mountain wave was stronger if the upstream airmass was nearly perpendicular to the chain. For the southerly¯ow case above the Pyrenees, the upstream airmass was quasi-perpendicular to the Pyrenees chain and the Froude number was stronger. The mountain wave reached upper altitudes with large values of advection terms, which are one order of magnitude larger than those generally encountered in the boundary layer. Topical Editor L. Eymard thanks K. P. Hoinka for his help in evaluating this paper.
